Background: The association between increased arterial stiffness and left ventricular diastolic dysfunction (LVDD) may be influenced by left ventricular performance. P wave dispersion is not only a significant determinant of left ventricular performance, but is also correlated with LVDD. This study is designed to compare left ventricular diastolic function among patients divided by brachial-ankle pulse wave velocity (baPWV) and corrected P wave dispersion (PWDC) and assess whether the combination of baPWV and PWDC can predict LVDD more accurately. Methods: This cross-sectional study enrolled 270 patients and classified them into four groups according to the median values of baPWV and PWDC. LVDD was defined as impaired relaxation and pseudonormal/restrictive mitral inflow patterns. Results: The ratio of transmitral E wave velocity to early diastolic mitral annulus velocity (E/Ea) was higher in group with higher baPWV and PWDC than in the other groups (all p <0.001). The prevalence of LVDD was higher in group with higher baPWV and PWDC than in the two groups with lower baPWV (p ≤ 0.001). The baPWV and PWDC were correlated with E/Ea and LVDD in multivariate analysis (p ≤ 0.030). The addition of baPWV and PWDC to a clinical mode could significantly improve the R square in prediction of E/Ea and C statistic and integrated discrimination index in prediction of LVDD (p ≤ 0.010). Conclusions: This study showed increased baPWV and PWDC were correlated with high E/Ea and LVDD. The addition of baPWV and PWDC to a clinical model improved the prediction of high E/Ea and LVDD. Screening patients by means of baPWV and PWDC might help identify the high risk group of elevated left ventricular filling pressure and LVDD.
Introduction
Assessment of left ventricular diastolic function is useful in risk stratification for patients with cardiovascular disease and can provide a diagnostic clue for heart failure with preserved ejection fraction. The cardiac mortality and morbidity were increased in heart failure patients with left ventricular diastolic
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Although there were several parameters using in the assessment of arterial stiffness, the gold standard of non-invasive arterial stiffness measurement is carotid-femoral pulse wave velocity [3] . The carotid-femoral pulse wave velocity directly reflected aortic pulse wave velocity [4, 5] . In contrast, brachial-ankle pulse wave velocity (baPWV) reflected a composite of several arterial segments, some of which were prone to arteriosclerosis alone (brachial and distal arteries) and some to both atherosclerosis and arteriosclerosis (aorta and femoral arteries). However, Tanaka et al. compared carotid-femoral pulse wave velocity and baPWV in 2287 patients and found a strong correlation between them [6] . Therefore, it is reasonable to use baPWV as a marker of arterial stiffness. In addition, increased baPWV is associated with LVDD [7, 8] . However, our group and others [9] [10] [11] [12] recently found that left ventricular systolic performance also influenced the pulse wave velocity.
The 12-lead electrocardiogram (ECG) is a commonly using noninvasive tool to access cardiac electrophysiological properties. P wave dispersion in 12 lead ECG is a useful tool to assess the risk of atrial fibrillation and our recent study along with previous studies also demonstrated increased P wave dispersion had a significant correlation with LVDD [13] [14] [15] . P wave dispersion was also found to be related to some echocardiogrphic parameters, including left atrial diameter, interventricular septum thickness, left ventricular posterior wall thickness and left ventricular mass [16, 17] . Besides, increased P wave dispersion may be a significant determinant of impaired left ventricular performance [18] [19] [20] [21] [22] . Therefore, P wave dispersion may have a significant influence on the relationship between pulse wave velocity and left ventricular diastolic function. Accordingly, the aims of this study are to compare the left ventricular diastolic function among patients divided by the median values of baPWV and corrected P wave dispersion (PWDC) and to assess whether the combination of baPWV and PWDC can predict LVDD more accurately.
Methods

Study subjects
Study subjects were randomly included from a group of patients arranged for echocardiographic examinations in a local hospital because of suspecting coronary artery disease, heart failure, hypertension, abnormal cardiac physical examination, survey for dyspnea and the pre-operative cardiac function survey. We excluded the patients with significant aortic or mitral valve diseases, atrial fibrillation or inadequate image visualization. In total, 270 patients were included in this study. Study patients were further classified into four groups according to the median values of baPWV and PWDC. All patients were in sinus rhythm. The protocol was approved by our Institutional Review Board and all enrolled patients gave written, informed consent.
Collection of demographic, medical and laboratory data
Demographic and medical data including age, gender, smoking history, medication history and co-morbidity were obtained from chart review and interviews with patients. The body mass index was calculated as the ratio of weight in kilograms divided by square of height in meters. Coronary artery disease was defined as a history of typical angina with positive stress test, angiographically documented coronary artery disease, old myocardial infarction, or having undergone coronary artery bypass surgery or angioplasty. Clinical heart failure was defined as a history of symptoms such as fatigue, shortness of breath, dyspnea, tachypnea, diminished exercise capacity, orthopnea, paroxysmal nocturnal dyspnea, bilateral pitting edema, increasing abdominal girth and Cheyne-Stokes respiratory pattern during sleep. Laboratory data were measured from fasting blood samples using an autoanalyser (COBAS Integra 400; Roche Diagnostics GmbH, Mannheim, Germany). Blood samples were obtained within 1 month of enrollment.
Echocardiographic assessment
The echocardiographic examinations were performed by one experienced cardiologist using transthoracic echocardiography (Vivid 7, General Electric Medical Systems, Horten, Norway), with the participant respirating quietly in the left decubitus position. Two-dimensional and two-dimensionally guided M-mode images were recorded from the standardized views. The Doppler sample volume was placed at the tips of the mitral leaflets to obtain the left ventricular inflow waveforms from the apical 4-chamber view. All sample volumes were positioned with ultrasonic beam alignment to flow. Pulsed tissue Doppler imaging was obtained with the sample volume placed at the lateral corner of the mitral annulus from the apical 4-chamber view. The wall filter settings were adjusted to exclude high-frequency signals and the gain was minimized. A normal mitral inflow pattern was recognized if the ratio of transmitral E wave velocity (E) to transmitral A wave velocity (A) was ≥0.75, early diastolic mitral annulus velocity (Ea) ≥ 8 cm/s and E/Ea ≤ 10, impaired relaxation mitral inflow pattern if the E/A ratio was <0.75 and pseudonor-mal/restrictive mitral inflow pattern if the E/A ratio was ≥ 0.75, Ea <8 cm/s or E/Ea>10 [23, 24] . In this study, LVDD was defined as impaired relaxation and pseudonormal/restrictive mitral inflow patterns. The left ventricular ejection fraction was measured by the modified Simpson's method. The left atrial volume (LAV) was measured by the biplane area-length method [25] . Apical 4-and 2-chamber views were obtained to determine the left atrial area and length (from the middle of the plane of the mitral annulus to the posterior wall). The maximal left atrial chamber area and length were measured before mitral valve opening, excluding the left atrial appendage and pulmonary veins. The LAV was calculated and indexed to the body surface area. The raw ultrasonic data were recorded and analyzed offline with software (EchoPAC, GE Medical Systems) by a cardiologist blinded to the other data.
Assessment of baPWV
Within 10 minutes after the completion of the echocardiographic examination, baPWV was assessed using an ABI-form device, which automatically and simultaneously measures blood pressure in both arms and ankles using an oscillometric method [26, 27] . For measuring baPWV, pulse waves that were obtained from the brachial and tibial arteries were recorded simultaneously and the transmission time, which was defined as the time interval between the initial increase in brachial and tibial waveforms, was determined. The transmission distance from the arm to each ankle was calculated according to body height. The value of baPWV was automatically computed as the transmission distance divided by the transmission time. After obtaining bilateral baPWV values, the average of two values was used for analysis. Systolic and diastolic blood pressures were measured by the same device. The averages of systolic and diastolic blood pressures of bilateral arms were used for analysis.
Assessment of PWDC
Within 10 minutes after the completion of echocardiographic examination, the standard 12-lead surface ECG (25-mm/s, 1-mV/cm, and 100-Hz) was recorded. ECGs were measured quantitatively for intervals and height and qualitatively for morphology. Quantitative assessments were performed by using image analysis software system (Image Tool 3.0). Qualitative assessments of ECG recordings were performed by 2 cardiologists with disagreement resolved by adjudication from a third cardiologist. The 2 cardiologists were blinded to the clinical details. The P wave dispersion was calculated by the difference between maximum and minimum P wave durations [28] . The P wave dispersion was corrected for heart rate by Bazett's formula [29] .
Statistical analysis SAS 9.1 statistics software was used for statistical analysis. Data were expressed as mean ± standard deviation or percentage. After we had determined normality using a Kolmogorov-Smirnov test for all continuous variables, appropriate parametric and nonparametric tests were used. One-way analysis of variance and the Kruskal-Wallis (nonparametric) tests were utilized for comparisons of more than two groups, and Bonferroni post hoc tests were performed. The relationships between normally and nonnormally distributed continuous variables were assessed by Pearson's and Spearman`s correlation, respectively. Categorical variables between groups were compared by chi-square analysis. The significant variables in the univariate analysis except medications were selected for multivariate analysis. The multivariate linear and logistic regression analyses were employed to identify the determinants of E/Ea and LVDD, respectively. To quantify discriminatory improvement for models with and without the baPWV and PWDC, we computed the adjusted R square, C statistic and integrated discrimination index according to the methods of Pencina et al. [30, 31] . All tests were 2-sided and the level of significance was established as P < 0.05.
Results
The comparison of clinical characteristics among the study groups was shown in Table 1 . Patients were classified to four groups, lower baPWV and PWDC (n = 71), lower baPWV and higher PWDC (n = 64), higher baPWV and lower PWDC (n = 64), and higher baPWV and PWDC (n = 71). The median values of baPWV and PWDC were 1706 cm/s and 68 ms, respectively. There was no correlation between baPWV and PWDC (r = 0.002, p = 0.969). There were significant differences among the four groups in age, prevalence of diabetes mellitus and hypertension, using of angiotensin II receptor antagonists and calcium channel blockers, heart rate, systolic and diastolic blood pressures, hematocrit and albumin. The patients with higher baPWV were older and had higher prevalence of diabetes and hypertension, higher fasting glucose and systolic and diastolic blood pressure, and higher using rate of angiotensin II receptor antagonists and calcium channel blockers.
The echocardiographic characteristics, baPWV and PWDC were compared among the study groups (Table 2 ). There were significant differences among four groups in LAV index, left ventricular end-diastolic and end-systolic dimensions, left ven-tricular ejection fraction, E, A, E/A, E-wave deceleration time, Ea, E/Ea, late diastolic mitral velocity, PWDC, baPWV, prevalence of normal mitral inflow, impaired relaxation mitral inflow and pseudonormal/restrictive mitral inflow patterns and LVDD.
When comparing the patients with lower baPWV, the baseline characteristics including age, prevalence of diabetes, hypertension and coronary artery disease, body mass index, medication use, blood pressure, pulse pressure, fasting glucose and lipid profiles were similar between patients with lower and higher PWDC. However, LAV index and left ventricular end-diastolic and end-systolic dimensions were larger and left ventricular ejection fraction, Ea, E/Ea and prevalence of LVDD were more impaired in patients with higher PWDC than with in patients with lower PWDC.
When comparing the patients with higher baPWV, the baseline characteristics including age, prevalence of diabetes and coronary artery disease, body mass index, medication use, heart rate, blood pressure, pulse pressure, fasting glucose and lipid profiles were comparable between patients with lower and higher PWDC. However, LAV index and left ventricular end-diastolic and end-systolic dimensions were larger and E/Ea was higher in patients with higher PWDC than in patients with lower PWDC.
The determinants of E/Ea were showed in Table  3 . Age, diabetes, hematocrit, baPWV and PWDC were significantly correlated to E/Ea in univariate analysis. After multivariate analysis, baPWV and PWDC were still significantly correlated with E/Ea. Table 4 showed the determinants of LVDD in our study. The significant determinants in univariate analysis were age, diabetes, hypertension, baPWV and PWDC. After multivariate analysis, age, diabetes, baPWV and PWDC were still the major significant determinants of LVDD.
The adjusted R square in prediction of E/Ea was significantly improved after addition of baPWV and PWDC to a model including age, diabetes and hemocrit from 0.070 to 0.110 (p = 0.003). To assess the effect of addition of baPWV and PWDC to clinical model for predicting of LVDD, C statistic and integrated discrimination index were calculated. The addition of baPWV and PWDC to a clinical model including variables of age, diabetes and hypertension resulted in significant improvements in C statistic and integrated discrimination index for prediction of LVDD. The C statistic was improved from 0.76 to 0.81 (p = 0.010). The integrated discrimination index was 0.08 (p <0.001). ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin II receptor antagonists; baPWV, brachial-ankle pulse wave velocity; BMI, body mass index; CAD, coronary artery disease; CCBs, calcium channel blockers; DBP, diastolic blood pressure; F, female; HR, heart rate; M, male; PWDC, corrected P wave dispersion; PP, pulse pressure; SBP, systolic blood pressure. * P < 0.05 compared with lower PWDC and baPWV; # P < 0.05 compared with higher PWDC and lower baPWV; + P < 0.05 compared with lower PWDC and higher baPWV. ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin II receptor antagonists; baPWV, brachial-ankle pulse wave velocity; BMI, body mass index; CAD, coronary artery disease; CCBs, calcium channel blockers; E, transmitral E wave velocity; Ea, early diastolic mitral annulus velocity; PP, pulse pressure; PWDC, corrected P wave dispersion. ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin II receptor antagonists; baPWV, brachial-ankle pulse wave velocity; BMI, body mass index; CAD, coronary artery disease; CCBs, calcium channel blockers; CI, confidence interval; LVDD, left ventricular diastolic dysfunction; OR, odds ratio; PP, pulse pressure; PWDC, corrected P wave dispersion.
Subgroup analysis of the group with left ventricular ejection fraction >50% (n = 197) showed that the baPWV, but not PWDC, was significantly associated with LVDD in the multivariate analysis (p = 0.017). Subgroup analysis of patients without clinical heart failure (n = 235) showed that both the baPWV and PWDC were predictors of LVDD in the multivariate analysis (p ≤ 0.029).
Discussion
In the present study, we evaluated the association of baPWV and PWDC with LVDD and found both of them were independently associated with E/Ea and LVDD. Patients with higher PWDC and baPWV had the highest E/Ea and higher prevalence of LVDD. Dividing patients into four groups using baPWV and PWDC might be useful in identifying the high risk group of elevated E/Ea and LVDD. In addition, the addition of baPWV and PWDC to a clinical model could significantly improve the adjusted R square in prediction of E/Ea and C statistic and integrated discrimination index in prediction of LVDD. Hence, concurrent consideration of baPWV and PWDC may be helpful in improving the prediction of patients with high E/Ea and LVDD.
When comparing the patients with lower baPWV, the baseline clinical risk factors were not different, but many echocardiographic parameters such as LAV index, left ventricular end-diastolic and end-systolic dimensions, left ventricular ejection fraction, Ea, E/Ea and prevalence of LVDD were significantly different between patients with lower and higher PWDC. Hence, in patients with lower baPWV, the increased PWDC might be a useful parameter indicating large left atrial and left ventricular chambers and depressed left ventricular systolic and diastolic function.
When comparing the patients with higher baPWV, the baseline clinical risk factors were similar but many echocardiographic parameters such as LAV index, left ventricular end-diastolic and end-systolic dimensions were different between patients with lower and higher PWDC. Hence, in patients with higher baPWV, the increased PWDC was also a useful parameter suggesting large left atrial and left ventricular chambers and high left ventricular filling pressure.
The P wave dispersion measured by 12-lead ECG was found to be associated with the occurrence of atrial fibrillation [21, 28, [32] [33] [34] , left atrial enlargement and increased LAV index [16, 35] . Higher P wave dispersion was associated with LVDD in previous studies [18, 20, 35] . After the multivariate analysis, our study consistently demonstrated that increased PWDC was significantly associated with increased E/Ea and LVDD.
The increased arterial stiffness was reported to be associated with increased LAV and LVDD [36] [37] [38] [39] . The baPWV was also reported to be associated with mild LVDD in patients with hypertension [39] . Abhayaratna et al. evaluated the association between the aortic pulse wave velocity and left ventricular diastolic function in the elderly and found that the increased LAV and advanced LVDD were associated with increased arterial stiffness [38] . Roes et al. also reported the increased aortic pulse wave velocity was associated with LVDD in patients with metabolic syndrome regardless of hypertension [40] . Chung et al. found that quantification of aortic stiffness could predict the degree of LVDD [36] . Our result consistently found increased baPWV was correlated with high E/Ea and LVDD.
Subgroup analysis of the group with left ventricular ejection fraction >50% showed that the baPWV, but not PWDC, was significantly associated with LVDD in the multivariate analysis, which was compatible with previous studies [7, 8] . Hence, in patients with preserved left ventricular ejection fraction, in addition to clinical variables, additional consideration of baPWV might be useful in identifying patients with LVDD. However, in daily clinical practice, it was difficult to know the left ventricular ejection fraction without echocardiographic examination. Therefore, concurrent consideration of baPWV and PWDC might be helpful in improving the prediction value for LVDD in patients with unknown left ventricular systolic function.
There were several possible reasons for explaining the combination of increased baPWV and PWDC was associated with LVDD. Increased arterial stiffness could decrease diastolic blood pressure, impair the coronary blood supply, induce cardiac hypertrophy and increase cardiac stiffening [41, 42] and then cause LVDD. The increased PWDC represented the heterogeneous and different atrial conduction which might be secondary to the increased left atrium diameter, volume and strain caused by LVDD [19] [20] [21] . In the present study, although baPWV and PWDC had a significant correlation with E/Ea and LVDD, there was no correlation between them, which suggested these two parameters might be complementary in predicting increased E/Ea and LVDD. In fact, our patients with the coexistence of increased baPWV and PWDC had the highest E/Ea and higher prevalence of LVDD. Furthermore, the addition of baPWV and PWDC to a clinical model could significantly improve the adjusted R square in prediction of E/Ea and C statistic and integrated discrimination index in prediction of LVDD. Hence, concurrent consideration of baPWV and PWDC might be useful in identifying the high risk group of elevated E/Ea and LVDD.
The majority of our patients were treated chronically with antihypertensive drugs. We did not withdraw these medications for ethical reasons. Therefore, we could not exclude the influence of antihypertensive agents on the present findings. The classification of LVDD was based on non-invasive echocardiographic parameters but not on invasive data. Hence, the result might be different if invasive data were used. In addition, this study only included patients referred for echocardiographic examination, so the prevalence of pseudonormal/restrictive mitral inflow pattern was relatively high. Therefore, the present findings were not necessarily applicable to the other population.
In conclusion, our study showed the increased baPWV and PWDC were significantly correlated with high E/Ea and LVDD. Patients with higher baPWV and PWDC had the highest level of E/Ea and relatively higher prevalence of LVDD. The addition of baPWV and PWDC to a clinical model could significantly improve the adjusted R square in prediction of E/Ea and C statistic and integrated discrimination index in prediction of LVDD. Therefore, screening patients by means of baPWV and PWDC may be helpful in identifying the high risk patients of elevated E/Ea and LVDD.
